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The mechanisms for cell fate determination have been extensively studied whereas little is known about the mechanism through which
functional specificity is established. In the Drosophila midgut, copper cells provide an excellent model system to examine this mechanism.
Copper is an essential element for the activity of a number of physiologically important enzymes including Cu/Zn-superoxide dismutase,
cytochrome c oxidase, and dopamine-β-hydroxylase. Drosophila copper cells are involved in two distinct functions, i.e., copper absorption and
acid secretion, which are visualized as a fluorescent signal and a color change of a pH indicator dye, respectively. Here we show that the
absorptive function is established through two independent pathways, the Notch signaling pathway in adjacent interstitial cells and the Wingless
signaling pathway in copper cells. Furthermore, the other function, acid secretion, is regulated through the Decapentaplegic and Wingless
signaling pathways in interstitial cells. Our results clearly indicate that normal morphological development is insufficient for functional
maturation, and that subsequent functional specification is achieved through several independent pathways. These results provide valuable insights
into the molecular mechanism underlying functional specification.
© 2006 Elsevier Inc. All rights reserved.Keywords: Drosophila; Notch; Wingless; Dpp; Gut; Copper; Proton; dveIntroduction
The Drosophila midgut consists of two germ layers, the
visceral mesoderm and the endoderm. In the visceral mesoderm,
four homeotic genes, Sex combs reduced (Scr), Antennapedia
(Antp), Ultrabithorax (Ubx), and abdominal-A (abd-A), are
expressed in non-overlapping domains in an order along the
anterior–posterior axis similar to that in the epidermis. The
direct target genes regulated by these homeotic genes are
secreted signaling molecules such as decapentaplegic (dpp) and
wingless (wg), which are expressed in the visceral mesoderm of
parasegment (PS) 7 and PS8, respectively. Dpp and Wg main-
tain each other's expression and induce another secreted mole-
cule, Vein (Vn), a ligand for epidermal growth factor receptor
(EGFR). These molecules in turn undergo the feedback⁎ Corresponding author. Fax: +81 86 251 7876.
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doi:10.1016/j.ydbio.2006.12.018regulation of homeotic gene Ubx. This cross-regulatory feed-
back defines the precise pattern of dpp and wg expression in
two adjacent parasegments. These secreted molecules diffuse
into the underlying endoderm, and then induce morphogenetic
events that ultimately compartmentalize the primordia into
distinct sectors. Subsequently, cell fates are specified through
the different thresholds of Dpp-, Wg-, and EGFR signaling to
establish the functional organization of the midgut (reviewed in
Bienz, 1997; Nakagoshi, 2005).
The middle midgut cells derived from the endoderm diffe-
rentiate into four distinct types of cell: copper cells, interstitial
cells, large-flat cells, and iron cells. Of these cells, copper cells
provide an excellent model system to examine the mechanism of
functional specification. Copper cells have invaginated micro-
villar membranes on their apical surface, which exhibit a typical
banana shape, and are involved in two distinct functions, i.e.,
copper absorption and acid secretion, which are visualized as a
fluorescent signal and a color change of a pH indicator dye,
respectively. The guts of copper-fed first instar larvae exhibit
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with UV-light (Poulson and Bowen, 1952). It has been reported
that this fluorescence reflects the absorption of copper and the
formation of a copper–metallothionein complex (McNulty et al.,
2001). When first instar larvae are fed with the pH indicator dye
bromophenol blue (BPB), the gut lumen posterior to the copper
cell region turns yellow (pH<2.35) or green (2.35<pH<4) due
to acid secretion whereas other regions remain blue (pH>4)
(Dubreuil, 2004; Dubreuil et al., 1998). These two functions are
specified by the homeobox gene labial (lab), which is expressed
in copper cells in response to Dpp,Wg, and Vn secreted from the
adhering visceral mesoderm (Hoppler and Bienz, 1994; Hoppler
and Bienz, 1995; Szüts et al., 1998). In lab mutants, the typical
banana shape of invaginated microvillar membranes never
develops and the two functions of copper cells are severely
impaired (Dubreuil et al., 2001). Once the copper cell fate is
determined by lab, it is maintained through the autoregulatory
feedback (Chouinard and Kaufman, 1991; Tremml and Bienz,
1992), and subsequent functional development requires repres-
sion of the homeobox gene defective proventriculus (dve)
(Nakagoshi et al., 1998). Expression of dve as well as labmainly
depends on Dpp signaling and also requires EGFR signaling
mediated by Vn (Shirai et al., 2003). During embryogenesis, dve
is expressed in four types of middle midgut cell, whereas it is
repressed in copper cells of hatched first instar larvae. This
repression requires the activity of Dve itself and that of Lab, and
forced expression of dve impairs the copper absorptive function
without affecting the morphological development of copper
cells. Thus, temporally regulated dve repression is crucial for the
functional development of copper cells (Nakagoshi et al., 1998).
In wing discs, dve is also temporally repressed along the dorsal–
ventral (D–V) boundary through Notch- and Wg-mediated
signaling, and this repression is crucial for wing patterning
(Nakagoshi et al., 2002). These signaling molecules such as
Notch, Wg, and Dpp might be involved in the functional
specification of copper cells as well as the nervous system
(Aberle et al., 2002; Marqués et al., 2002; Packard et al., 2002;
Presente et al., 2004). Here, we have examined the effects of
these signaling molecules on the functional development of the
Drosophila midgut. Our results indicate that two distinct
functions, copper absorption and acid secretion, are regulated
through independent signaling pathways.
Materials and methods
Fly strains
Oregon-R was used as the wild-type strain. The following GAL4 enhancer-
trap lines were identified in the NP collection (Hayashi et al., 2002): NP3012
and NP3123 (all midgut lines; on X), NP3207 and NP3612 (interstitial cell
lines; on X), and NP3270 and NP3157 (copper cell lines; on II). These NP lines
have a yellow white background. The following GAL4/UAS lines were used:
tsh-GAL4 (Shiga et al., 1996), UAS-d.n.N (Go et al., 1998), UAS-dTCFDN
(Cadigan et al., 1998), UAS-dad (Tsuneizumi et al., 1997), UAS-NLS-lacZ
(NZ20b23) (Takamatsu et al., 2002), and UAS-GFP.S65T (Bloomington Stock
Center). Su(H)bs-lacZ (Go et al., 1998), E(spl)m8-lacZ (Kramatschek and
Campos-Ortega, 1994), DlP1651, and Dlbl5 (Mishra et al., 2001) were used as
markers for Notch signaling. lab-lacZ (p6.0 lab 66A) was used as a copper cell
marker (Chouinard and Kaufman, 1991). The interstitial cell marker C5-2-7 andthe enhancer-trap allele dve1 (dve1-lacZ) were previously described (Nakagoshi
et al., 1998).
Temperature-shift experiments
Temperature-sensitive alleles wgIL114 (Bejsovec and Martinez-Arias, 1991)
and Nts1 (Shellenbarger and Mohler, 1975) were used to temporally inactivate
these signaling pathways. Eggs collected during 4 h at the permissive
temperature 18 °C (2 h at 25 °C) were shifted to the restrictive temperature
30 °C at various time points (after egg laying; AEL). Homozygous wgIL114 and
transheterozygous N55e11/Nts1 larvae were identified with a yellow marker and
by the absence of FM7actGFP balancer chromosome, respectively. To examine
the effect on dve1-lacZ expression, the null allele wgCX4 was recombined with a
dve1 chromosome. Eggs of transheterozygous wgIL114/wgCX4 dve1 and Nts1/Y;
dve1/+ were shifted to the restrictive temperature after 14 and 12 h AEL,
respectively.
Immunohistochemistry
Embryos were stained with anti-β-gal monoclonal antibodies (1:100,
Promega) and anti-GFP polyclonal antibodies (1:20, Molecular Probes) together
with Biotin-, FITC-, or Cy3-conjugated secondary antibodies. The peroxidase
reaction and immunofluorescence were performed as described (Nakagoshi
et al., 1998). Confocal images were obtained with an OLYMPUS FluoView
300.
Copper cell morphology
Larvae were dissected in 1% glutaraldehyde/phosphate-buffered saline
(PBS), washed with PBS several times, and then stained with 0.1% 5-bromo-4-
chloro-3-indolyl-β-galactopyranoside (X-gal) for β-galactosidase activity. The
guts were mounted in 80% glycerol and then the number of cells exhibiting
typical features of an invaginated apical membrane (banana shape) was
determined for the posterior-most 20 cells. The percentage of banana-shaped
copper cells was scored in the control progeny (GAL4 line×Oregon-R) and test
progeny (GAL4 line×UAS line). In the control progeny, the percentage of
banana-shaped copper cells was >90%, which was taken to be normal (%).
Normality was determined as follows: [normal (%) for test progeny] / [normal
(%) for control progeny].
Acid secretion
Yeast paste containing 0.25% bromophenol blue (BPB) was fed to hatched
larvae for >5 h (at 25 °C) or >15 h (at 18 °C). The larvae were then dissected in
PBS, and the color of the gut lumen was immediately observed (see
Supplementary Fig. 1). BPB turns yellow (pH<2.35), green (2.35<pH<4), or
blue (pH>4) (Dubreuil et al., 1998). In the control progeny, the percentage of a
yellow gut lumen was >80%, which was taken to be normal (%). Normality was
determined as follows: [normal (%) for test progeny] / [normal (%) for control
progeny].
Copper fluorescence
Yeast paste containing 0.25% BPB and 10 mM CuSO4 was fed to hatched
larvae for >5 h (at 25 °C) or >15 h (at 18 °C). The guts of dissected larvae were
immediately mounted in PBS and excited with UV light using a DAPI filter (see
Supplementary Fig. 1). The fluorescence was divided into three classes: strong
fluorescence (normal), weak or dispersed fluorescence (weak), and no
fluorescence (absent). In the control progeny, the percentage of strong
fluorescence was >70%, which was taken to be normal (%). Normality was
determined as follows: [normal (%) for test progeny] / [normal (%) for control
progeny].
Statistical analyses
The significance of differences between the control and test progenies in
gut function was analyzed with Mann–Whitney U-tests using Kaleidagraph
55R. Tanaka et al. / Developmental Biology 304 (2007) 53–61software version 3.6 (HULINKS). Data are presented in the table and figures
as means with levels of significance indicated by asterisks: *P<0.01,
**P<0.001.Results
The Notch and Wg signaling pathways are required for copper
absorption
The Dpp and Wg signaling pathways are required for
expression of the homeobox gene lab, which is a determinant
of copper cell fate (Hoppler and Bienz, 1994), however, the
effect of Notch signaling on copper cell development remains
unclear. Thus, we examined the expression of Notch target
genes E(spl)m8-lacZ and Su(H)bs-lacZ in the first instar larval
midgut. The expression of these reporter genes was observed
in adjacent interstitial cells but not in copper cells (Figs. 1A,
B), whereas the expression of Notch ligand Delta was detected
in both types of cell in two different enhancer-trap lines,
DlP1651 and Dlbl5 (Fig. 1C and not shown). To determine the
function of Notch signaling in interstitial cells, cell-type-
specific GAL4 driver lines are required. Thus, we screenedFig. 1. Expression patterns of Notch target genes and cell-type specific GAL4 lines. (A
the left. (A, B) Notch target genes, Su(H)bs-lacZ (A) and E(spl)m8-lacZ (B), are ex
expressed in both copper cells and interstitial cells. (D–I) Expression patterns of all
(F) and NP3612int (G), and copper cell lines NP3270cop (H) and NP3157cop (I) are
cells and the central nervous system at stage 13 (J) and stage 17 (K). Anterior is to the
is labeled by GFP (green in panel L) and copper cell marker lab-lacZ (magenta in pGAL4 enhancer-trap lines whose expression is detected in the
first instar larval midgut, and identified several useful ones. (1)
All midgut lines (NP3012all>NP3123all). The expression of
NP3012allisstronger than that of NP3123all at first larval instar
(Figs. 1D, E). (2) Interstitial cell lines (NP3207int>NP3612int;
Figs. 1F, G). (3) Copper cell lines (NP3270cop>NP3157cop;
Figs. 1H, I). The expression of NP3012all, NP3207int, and
NP3270cop was undetectable during embryogenesis, although
we could not examine the expression pattern at late embryonic
stage 17. The onset of embryonic midgut expression in the other
lines is shown in Table 1. Expression of NP3612int begins at
stage 13, and does not overlap with that of copper cell marker lab-
lacZ, indicating that NP3612int specifically labels precursor and
mature interstitial cells (Figs. 1J–N).
These GAL4 lines were used to inhibit Notch, Wg, or Dpp
signaling in a cell-type-specific manner through the expression
of each inhibitory molecule, such as the dominant-negative
form of Notch (d.n.N), the dominant-negative form of dTCF
(dTCFDN), or Daughters against Dpp (Dad), respectively. Con-
sidering the temperature sensitivity of the GAL4/UAS system,
we determined the optimal conditions that do not affect the
morphological development of copper cells. In some cases,–I) Expression patterns in the first instar larval midgut are shown. Anterior is to
pressed in interstitial cells. (C) The Notch ligand reporter Dl-lacZ (DlP1651) is
midgut lines NP3012all (D) and NP3123all (E), interstitial cell lines NP3207int
shown. (J–N) Embryonic expression of NP3612int is detected in a subset of gut
right. (L–N) A stage-14 embryo (NP3612int/+; UAS-GFP.S65T/+; lab-lacZ/+)
anel M, dorsal view). A merged confocal image is shown in panel N.
Table 1
Effects of signal inhibition on gut morphology and functions
The cell types showing larval midgut expression and the onset of embryonic expression for each GAL4 line are shown. GAL4 and UAS lines were crossed under the
indicated conditions, and the sex of the progeny was determined with a yellowmarker. The number of progeny tested for normality is indicated as (control progeny, test
progeny) in each column. The significance of differences between the control and test progenies is indicated by asterisks, ⁎P<0.01 and ⁎⁎P<0.001 (shaded). d.n.N:
dominant-negative Notch, d.n.TCF: dominant-negative dTCF, Dad: Daughters against Dpp. N.D., not determined.
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temperature, and thus the functions could not be determined
(Figs. 3D, H). In the case of GAL4 lines bearing a P-element
insertion in the X chromosome, gene-dosage compensation was
also considered. We determined the sex of the progeny by
checking for a yellow marker (Table 1).
Inhibition of Notch signaling did not affect the copper cell
morphology or the acid secretion function. Interestingly, the
normality of copper fluorescence (copper absorption) was
significantly reduced when the Notch signal was inhibited in
interstitial cells (Fig. 2A, asterisks, P<0.001). However, Notch
signal inhibition in copper cells did not affect the absorptive
function. These results suggest that the Notch signaling path-
way is required in adjacent interstitial cells for the absorptive
function of copper cells.
Inhibition of Wg signaling at late stages with strong driver
lines severely affected themorphological development of copper
cells. This effect was observed in the progenies of NP3012all
and NP3270cop (Table 1). Because the expression of homeobox
gene lab depends on Dpp and Wg signaling, and is essential for
copper cell development, it seems likely that lab expression is
reduced in these progenies. Indeed, we detected a severely
reduced level of lab-lacZ marker gene expression (Fig. 3D).
Inhibition of Wg signaling with the relatively weaker driver
line NP3157cop slightly impaired morphological development
(normality=0.86). Under this condition, acid secretion was
quite normal (normality=0.94), however, copper fluorescence
was severely reduced (normality=0.21; Fig. 2B, asterisks,
P<0.001). Under the condition that specifically affected the
absorptive function of copper cells, the expression patterns of
copper and interstitial cell markers, lab-lacZ and C5-2-7,
respectively, were quite normal (Figs. 3A–C, E–G). These
results indicate that cell fate specification was not disturbed
when the absorptive function was impaired. Taken together,these results indicate that the absorptive function of copper cells
is established through at least two independent pathways, the
Notch signaling pathway in adjacent interstitial cells and theWg
signaling pathway in copper cells (see Fig. 6).
The Dpp and Wg signaling pathways are required for the acid
secretion function
Dubreuil et al. suggested that the acid secretion function is
closely correlated with the morphological development of
copper cells. For example, α-spectrin mutants have severe
defects in copper cell morphology like lab mutants, resulting in
reduced acid secretion ability (Dubreuil et al., 1998). In this
study, we have observed an intriguing phenotype, i.e., the acid
secretion function is separable from the morphological devel-
opment of copper cells. The inhibition of Wg signaling in
interstitial cells only impaired the acid secretion function (Fig.
2B, asterisks, P<0.001), whereas the morphology and the
absorptive function of copper cells, and expression of cell-type-
specific markers were quite normal (Fig. 2B, Table 1, and
Supplementary Fig. 2). Furthermore, a similar phenotype was
clearly observed when Dpp signaling was inhibited in
interstitial cells (Fig. 2C, asterisks, P<0.001). These results
clearly indicate that the Wg- and Dpp-dependent signals in
interstitial cells are required for the acid secretion function (see
Fig. 6).
Temporal requirement of Wg signaling for gut functions
Cell-type-specific induction of the dominant-negative mole-
cule dTCFDN clearly showed that Wg signaling is required for
establishment of the copper absorptive and acid secretion
functions. To confirm these findings, we examined the effect of
temporal inactivation of endogenous Wg signaling on gut
Fig. 2. Independent signaling pathways are required for distinct gut functions.
Notch (A), Wg (B), and Dpp (C) signaling was inhibited in a cell-type specific
manner by using the GAL4 lines indicated below. Solid, hatched, and dotted
bars indicate the normality of copper cell morphology, acid secretion, and
copper fluorescence, respectively. The absorptive function (copper fluores-
cence) was measured at least three times, and the standard error of means is
plotted as error bars. The significance of differences between the control and test
progenies is indicated by asterisks, ⁎P<0.01 and ⁎⁎P<0.001.
Fig. 3. Expression patterns of cell-type specific markers in guts exhibiting
impaired copper absorption. Expression patterns of copper cell marker lab-lacZ
(A–D) and interstitial cell marker C5-2-7 (E–H) are shown. (A, E) Wild type.
(B, C, F, G) Inhibition of Notch or Wg signaling in interstitial cells
[NP3207int>dnN, (B, F)] or copper cells [NP3157cop>dnTCF, (C, G)],
respectively, impaired the absorptive function, whereas it did not affect the
copper cell morphology or the expression of cell-type specific markers. (D, H)
Inhibition of Wg signaling in all midgut cells (NP3012all>dnTCF) severely
affected the copper cell morphology and the expression of cell-type specific
markers.
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shifted to the restrictive temperature from various time points
until dissection. Inactivation of Wg signaling from early stage
17 (16∼20 h after egg laying [AEL]; Campos-Ortega and
Hartenstein, 1985) significantly impaired gut functions whereas
the gut morphology was quite normal (Fig. 4A). These results
are consistent with the above findings obtained with use of the
dominant-negative molecule. Furthermore, inactivation of the
Wg signal after hatching only slightly impaired gut functions,
indicating that Wg signal reception during embryonic devel-
opment is sufficient for functional specification. To determine
the critical period for Wg signal reception, we performed
additional temperature-shift experiments (Fig. 4C). Inactiva-
tion of Wg signaling during 14∼21 h AEL impaired gut
functions comparably to the continuous inhibition until dis-
section. Therefore, we estimate that the period during 18∼21 h
AEL is critical for Wg signal reception to establish gut
functions.Inactivation of Notch signaling from stage 15 (11 h and
20 min∼13 h AEL) with the temperature-sensitive allele Nts1
also impaired the absorptive function comparably to the level
for dnN expression, however, the acid secretion function and
gut morphology were similarly impaired (compare Fig. 4B to
Fig. 2A). Thus, the reduced level of the absorptive function
might be a secondary effect. Unfortunately, we could not
check the effect on earlier stages because the temperature shift
severely affected viability. Taken together, these results
indicate that Wg signaling is critically required for gut func-
tions during late embryonic stage (18∼21 h AEL), and raise
the possibility that Notch signaling to establish the absorp-
tive function is required from earlier embryonic stages (see
below).
Relationship between the absorptive function and dve
repression
For establishment of the absorptive function of copper cells,
temporally regulated dve repression is crucial. During copper
cell development, Lab and Dve are coexpressed in copper cell
precursors at least until stage 16, and dve expression is
subsequently repressed by the activity of Dve itself and that
Fig. 4. Temporal requirement of Wg signaling for gut functions. (A) Temporal inhibition of Wg signaling. Eggs of y w; wgIL114/CyO[y+] collected during 4 h at
permissive temperature (2 h at 25 °C) were shifted to the restrictive temperature from the indicated time after egg laying (AEL) until dissection. Normality of copper
cell morphology (open circle), acid secretion (filled square), and copper fluorescence (filled triangle) is plotted for each temperature-shift experiment. (B) Temporal
inhibition of Notch signaling. Eggs of the following cross (N55e11/FM7actGFP×Nts1/Y) were treated as the above. (C) Critical period required for Wg signaling. Eggs
of y w; wgIL114/CyO[y+] collected during 4 h at 18 °C were shifted to the restrictive temperature (30 °C) during the indicated time. Normality of copper cell
morphology (M), acid secretion (AS), and copper fluorescence (CF) is shown as Table 1.
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fluorescence without affecting the copper cell morphology
(Nakagoshi et al., 1998). Our results raise the possibility that
Notch- and Wg-mediated signaling is required for dve repres-
sion to establish the absorptive function. Thus, we examined the
effects of these signaling pathways on dve expression. We used
the enhancer-trap marker dve1-lacZ, which has a P-element
insertion within the second intron of the dve gene. The expres-
sion of dve1-lacZ is normally restricted in interstitial cells at
first larval instar, however, ectopic expression in adjacent
copper cells is observed in dve or lab mutant background
(Nakagoshi et al., 1998). The conditions inhibiting the absorp-
tive function certainly induced ectopic activation of dve1-lacZ,
however, it only occurred in a subset of copper cells (Figs.
5A–C). Temperature-shift experiments of Nts mutants raise the
possibility that Notch signaling to establish the absorptive
function is required from early stages (see above). Therefore,
we examined the effect of Notch signal inhibition from early
stages by using NP3612int and teashirt (tsh)-GAL4 drivers. Tsh
is a transcriptional repressor that represses the expression of lab
in adjacent cells of lab-expressing copper cells (Waltzer et al.,
2001). Expression of these GAL4 drivers is detectable at earlier
embryonic stages, however, their expression levels in interstitial
cells at first larval instar are relatively weaker than that of
NP3207int (Figs. 1F, G, J, and data not shown). When Notch
signaling was inhibited by using these GAL4 drivers, there was
no effect on the absorptive function presumably due to the low
level expression at later stages (Fig. 5G). Surprisingly, these
conditions led to the more increased number of copper cells
ectopically expressing dve1-lacZ (Figs. 5D, E). To furtherconfirm these findings, we examined the effect of endogenous
Notch signal inhibition from early stages. Conditional inactiva-
tion of the Notch signal resulted in marked increase of ectopic
dve1-lacZ expression (Fig. 5F), indicating that dve repression is
responsive to early Notch signaling.
Thus, we examined the cooperative effect of Notch signal
inhibition with the combination of tsh-GAL4 and NP3207int,
which can block dve repression and the copper absorptive
function, respectively. As expected, continuous Notch signal
inhibition from early stages with tsh-GAL4+NP3207int greatly
impaired the absorptive function rather than that of NP3207int
alone (Fig. 5G, P=0.011). These results suggest that there
should be redundant pathways through which dve is repressed
in a spatiotemporal manner and the absorptive function is
established by Notch- and Wg-mediated signaling.
Discussion
Notch- and Wg-mediated signaling pathways are required for
functional specification
Our results indicate that normal morphological development
is insufficient for functional maturation, and that subsequent
functional specification is achieved through several indepen-
dent pathways. Indeed, copper absorption is regulated by the
Notch and Wg signaling pathways within interstitial cells and
copper cells, respectively. Inhibition of these signals specifi-
cally impaired copper absorption whereas it had no effect on the
morphological development of copper cells, suggesting that
apical–basal polarity is normally maintained. Thus, the Notch
Fig. 5. Relationship between the absorptive function and dve repression. (A–F)
Expression patterns of dve1-lacZ. Ectopic expression in copper cells is indicated
by arrowheads. (G) Normality of the copper absorptive function by the inhibition
of Notch signaling. The number of progeny tested for normality is indicated as
(control progeny, test progeny). (A–C) Inhibition of Wg or Notch signaling in a
spatiotemporal manner [NP3157cop>dnTCF (A), wgIL114/wgCX4 dve1 (B), or
NP3207int>dnN (C)], respectively, impaired the absorptive function of copper
cells, and induced ectopic expression of dve1-lacZ in a subset of copper cells.
(D, E) Inhibition of Notch signaling in immature interstitial cells by using
NP3612int (D) or tsh-GAL4 (E) led to the increased number of copper cells
ectopically expressing dve1-lacZ. (F) Inhibition of endogenous Notch signaling
(Nts1/Y; dve1/+) resulted in marked increase of ectopic dve1-lacZ expression. (G)
Inhibition of Notch signaling from early stages with the combination of tsh-
GAL4 and NP3207int greatly impaired the copper absorptive function.
Fig. 6. A model for Cu and H+ homeostasis in the midgut. The cell fate of copper
cells is specified by the homeodomain protein Lab (Hoppler and Bienz, 1994).
Subsequent specification is achieved through repression of the homeobox gene
dve, which depends on the activity of Dve itself and that of Lab, and this
repression is important for establishment of the absorptive function of copper
cells (Nakagoshi et al., 1998). This absorptive function (small arrow 1) is
established through two independent signaling pathways. One is Notch
signaling in adjacent interstitial cells, which should be transmitted to copper
cells (large arrow). The other is Wg signaling in copper cells (middle arrow).
The acid secretion function is established through Dpp and Wg signaling in
interstitial cells (middle arrows). These signaling pathways should also be
transmitted to copper cells, if the acid secretion function largely depends on
copper cells (small arrow 2). Alternatively, interstitial cells could be directly
involved in acid secretion (small arrow 3).
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membrane proteins that are involved in the communication
between copper cell and interstitial cell. It remains unclear how
these signaling pathways are involved in the establishment of
the absorptive function. It is noteworthy that Notch- and Wg-
mediated dve repression along the D–V boundary of wing discs
is crucial for wing patterning, in other words, for the functional
specification of an organizing center at the D–V boundary. This
specification is achieved through a non-autonomous action of
Notch signaling, which is mediated byWg signaling (Nakagoshiet al., 2002). Because temporally regulated dve repression in
copper cells is non-autonomously responsive to Notch signaling
and subsequent Wg signal reception is crucial for establishment
of the absorptive function, there might be a similar regulatory
mechanism for the wing discs and the midgut.
Temporal requirement of the Notch and Wg signaling pathways
for gut functions
Based on the expression patterns of NP3207int and
NP3157cop, which are detectable after early stage 17, it seemed
that the Notch and Wg signaling pathways should be required
after embryonic stage 17. In fact, temporal inactivation by using
a temperature-sensitive allele indicates that wg activity after
stage 17 is required for establishment of the absorptive and acid
secretion functions (Fig. 4A). However, inactivation of Notch
activity after stage 15 did not specifically affect the absorptive
function (Fig. 4B). If the induction of a dominant-negative
molecule (3207int>dnN; Figs. 2A and 5G) really reflects the
inhibition of endogenous Notch signaling rather than an artifact,
it is assumed that the NP3207int activity is weak before stage
17 but partially effective to block Notch signaling. On the other
hand, the inhibition of Notch signaling only at early stages was
insufficient for blocking the absorptive function (3612>dnN
and tsh>dnN; Figs. 2A and 5G).
The unexpected effects on dve repression might explain these
puzzling issues. The temporally regulated dve repression is
crucial for establishment of the absorptive function (Nakagoshi
et al., 1998). So, it appeared that the condition to inhibit the
absorptive function (3207int>dnN; Figs. 2A and 5G) should
also affect the dve repression. However, its effect was only a
partial one. Unexpectedly, the more significant effects were
observed under the conditions that were insufficient for blocking
60 R. Tanaka et al. / Developmental Biology 304 (2007) 53–61the absorptive function (3612>dnN and tsh>dnN; Figs. 5D, E).
This discrepancy can be explained by the hypothesis that early
Notch signaling is involved in dve repression redundantly
required for subsequent functional specification, whereas the
late one is mainly required for functional specification. This
hypothesis is supported by the results that the combination of
NP3207int with the earlier driver tsh-GAL4 significantly
reduced the absorptive function (Fig. 5G). Taken together with
these results, we propose the following mechanism for
establishment of the absorptive function: (1) the Notch activity
in interstitial cells is required from early stages; (2) the early
Notch signal in interstitial cells is transmitted to adjacent copper
cells for dve repression; (3) the late Notch signal in interstitial
cells is subsequently transmitted to copper cells for functional
specification; and (4) theWg signal in copper cells is involved in
functional specification (Fig. 6). It remains unclear what
mediates the intercellular communication between copper cell
and interstitial cell. Further characterization is required to eluci-
date the mechanism underlying the copper absorptive function.
Establishment of the acid secretion function
Another intriguing observation is the requirement of Wg and
Dpp signals in interstitial cells for establishment of the acid
secretion function, because it had been thought that the acid
secretion function is closely correlated with the morphological
development of copper cells. Interestingly, it has been reported
that the microvilli of copper cells are densely studded with
particles that are likely to represent a vacuolar-type ATPase
(V-ATPase), which acts as a proton pump (Dubreuil et al.,
2001). Recent immunostaining studies further support the
notion that the V-ATPase is concentrated at the base of the
microvilli of copper cells (Phillips and Thomas, 2006). If the
acid secretion function largely depends on such a microvilli-
associated V-ATPase, Wg and Dpp signals received in
interstitial cells should also be transmitted to adjacent copper
cells (Fig. 6). Another possibility is that interstitial cells are
directly involved in acid secretion into gut lumen. In α-spectrin
or lab mutants, morphological defects in copper cells might
impair the functional development of interstitial cells due to
incomplete cell–cell communication. In both cases, the
interaction between copper cell and interstitial cell is required
for establishment of the acid secretion function.
Our results indicate that cell–cell communication is crucial
for the functional specification of Drosophila midgut cells. In
addition, a proton gradient and copper homeostasis also seem to
be important for other physiological functions. For instance,
copper is an essential element for the activity of a number of
physiologically important enzymes, and disturbed copper
metabolism is associated with many neurodegenerative diseases
(Waggoner et al., 1999). The metal ion transporter malvolio is
required for normal taste behavior in Drosophila (D'Souza et
al., 1999), and a mammalian homolog, DMT1 (also called
DCT1 and Nramp2), is a proton-dependent cation transporter
responsible for the uptake of copper as well as iron (Arredondo
et al., 2003). Therefore, it appears that a proton gradient and
copper homeostasis are closely correlated in other tissues.Because two distinct gut functions in the Drosophila midgut
are established through adjacent cell–cell communications,
regulation of proton gradient and copper homeostasis in the
midgut would provide an excellent model system to examine
the molecular mechanism underlying functional specification.
Further characterization will provide insights into gut physiol-
ogy and conserved features of functional specification.
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